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ABSTRACT

An inexpensive light source was built, using a gas thyratron tube,
to evaluate and compare various photomultiplier tubes and associated
circuitry. The rise time of the light pulse was found to be less than
50 nsec, thereby enabling high frequency response evaluations to be
made. In addition, the pulse repetition rate is readily controllable.
The characteristics of the system and the experimental results ob-
tained with this source are presented.
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NOMENCLATURE
Aq Area of light source
Ao Area of light detector
A Angstrom unit, 1010
Bo Quantity of energy radiated normally from a surface per cm?2
per unit solid angle per cm of wavelength
C Thyratron circuit capacitor
Ca Photomultiplier output capacitance
G Amplification of photomultiplier tube
Ia Thyratron anode current
Ic Thyratron cathode current
Io Peak value of current
Ipm Photomultiplier output current
In Naperian logarithm
P Optical power
R¢ Thyratron cathode resistance
Rg Photomultiplier dynode bias resistance
Ry, Photomultiplier load resistance
Rps Power supply resistance
r Distance from A4 to Ag
s Laplace operator
T Charging time of capacitor
Vv, Thyratron anode voltage
VBD Thyratron breakdown voltage
Vg Thyratron grid voltage
Vo Photomultiplier output voltage
Vps Power supply voltage
W Radiant sensitivity of photomultiplier cathode
6(t) Unit impulse function
A Wavelength of light
<> Average value
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SECTION |
INTRODUCTION

During the development of a laser velocimeter (LV) system,
it was found that one of the limitations in measuring high velocity flows
was the frequency response of the photomultiplier (PM) detector. Since
the frequency detected by the PM tube is a direct linear function of the
flow velocity, the highest measurable flow rate depended, in part, on
the cutoff frequency at the PM tube. A light source was therefore
needed which could measure the bandwidth of the photodetector up to
5 MHz and provide a means of ascertaining any limitations imposed on
it by the external circuitry.

The thyratron was chosen as the light source because of its sim-
plicity of operation and its availability. It can be operated to produce
large pulses of current. Associated with these current pulses are light
pulses generated by the plasma conducting medium which have rise
times of 50 nsec. Data are presented to show the correlation of the
thyratron current and light intensity. The effects of the grid voltage
and circuit parameters upon the operation are shown. The bandwidth
limitations of the PM tube are discussed, and the equation for measur-
ing light intensity is derived and applied to the thyratron data to obtain
the peak light output.

SECTION II
GENERAL THYRATRON CIRCUIT OPERATION AND PERFORMANCE

2.1 BASIC THYRATRON CIRCUIT

The basic physical electronic operation of the thyratron and its use
as an active element of a relaxation oscillator are described in Refs. 1
and 2, respectively. Reference 3 has a good discussion on the applica-
tion of the thyratron in high speed pulsing circuits.

Controllable, repetitive switching of the thyratron is obtained with
a relaxation oscillator circuit schematically shown in Fig. 1. When the
voltage on the capacitor reaches the breakdown value fixed by the grid
voltage, the tube 'fires,' and the capacitor rapidly discharges through
it. When the current has fallen below the threshold value, deionization
takes place, and the capacitor begins recharging to the breakdown
voltage. The voltage and current waveforms are shown in Fig. 2, The
cathode current is a ''spike' occurring during the anode voltage drop as
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shown in Fig. 2a. The period of tube conduction, or avalanche, is shown
more clearly in Fig. 2b.

Deionization must take place before conduction ceases so the capaci-
tor can recharge. This sets an upper limit on the operating frequency
of the circuit. At low pulse current amplitudes and high pulse repetition
frequencies, the deionization current is noticeable (Fig. 3) as a slight
increase after the cathode current has fallen below 6 ma. Because the
tube is still conducting, the capacitor is unable to recharge until the
deionization is complete. The corresponding delay of the capacitor
voltage rise is illustrated in Fig. 3.

The light emitted by the plasma has approximately the same wave-
form as the current, as will be seen, and is much more intense than the
visible emission of the heater. A 5696 thyratron was used because its
anode and cathode are unshielded, thus exposing the plasma arc.

The light was detected by a 931A photomultiplier tube with the out-
put voltage across a 200-ohm load resistor. A dual-beam oscilloscope
was used as the voltage indicator. The response time of the PM tube
and oscilloscope was sufficient to resolve pulse widths that are neces-
sary to indicate a measurable bandwidth of 5 MHz. The anode resistor
was fixed at 200 ohms to reduce the frequency response limiting effects
by the anode circuit. It must be emphasized that the measurements
were made under laboratory conditions; field conditions will deteriorate
the photodetector response unless caution in design is exercised. The
limitations and peculiarities of PM pulse response are described in
Section IV.

The relation of the peak light intensity and peak current was ob-
tained by varying the grid potential at the thyratron and observing the
magnitude of the peak current and photomultiplier output current. This
relation was roughly linear as shown in Fig. 4, Figure 5 shows a
typical waveform of the light pulse as measured by the PM tube and the
current pulse of the thyratron source as measured across the cathode
resistor. The light intensity has a 10- to 90-percent rise time of
50 nsec and a half-width of 160 nsec. The 10- to 80-percent rise time
for the thyratron current, I, is seen to be 50 nsec also; the half-width
is 260 nsec.

The peak intensity of the light was calculated and found to be
approximately 380 w/cm2/ster of solid angle/cm of wavelength. The
derivation of the formula is given in Section V. The rise time and in-
tensity of light attainable with this simple circuit is quite useful for
testing and calibration of photodetectors. The details of the circuit
operation and performance will be considered in the following sections.
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2.2 THYRATRON GRID CONTROL

The amplitude, rise time, and half-width of the light pulse were
found to be influenced strongly by the control grid. These parameters
were found to be optimum when the breakdown voltage was large, be-
cause the breakdown proceeds more rapidly and the tube is able to
discharge the capacitor faster. Figure 6 shows the relation of the light
and current pulse characteristics to the grid voltage. For a control
grid bias between -1.5 and 0 v there was excessive jitter in the light
pulse, making measurements difficult. For bias voltages more nega-
tive than -2.5 v, the tube was held in cutoff because the voltage neces-
sary to fire the tube was greater than that of the power supply used.

Figure 7 shows the relationship of the pulse repetition frequency
to the grid voltage. The period is determined by the charging time of
the capacitor to reach the breakdown voltage plus the time of deioniza-
tion. The charging time is given by

Vs
T = RPSCIH (—vp_s——vﬁ) (1)

where VBp is the breakdown voltage of the thyratron and the maintaining
voltage of the thyratron has been neglected. The grid can thus control
the pulse repetition frequency by varying Vgp.

Because of the low repetition frequency and short pulse width the
tube operates with an average current that is less than the maximum
average rating of 25 ma. This average current is approximately con-
stant, decreasing as the grid voltage increases because of the lower
duty cycle of the tube. However, the peak current is seen to be much
larger than the maximum peak rating of 0.1 amp for this thyratron. In
spite of this excessive overrating, the lifetime of the 5696 thyratron is
usually 10 hr.

The effects of the circuit parameters on the light pulse waveform
were found by varying each component separately while keeping the
others constant. After a component's effects on the pulse rise time,
half-width, and frequency were noted, its value was fixed to produce the
best pulse. The circuit values given in Fig. 1 are the result of this
systematic procedure. Their effects on the pulse will be discussed in
the following paragraphs. The grid voltage was set slightly below cutoff
(approximately -2. 5v) for the following experiments.

The cathode resistor is used in the circuit as a current sensor. As
such, its value should be less than the plasma impedance during con-
duction (a few tens of ohms) so that it does not affect the discharge time
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of the capacitor and thereby increase the pulse width. It was noted that
the light pulse half-width actually decreased as the cathode resistance
increased in value. Figure 8 shows the relationship between the light
pulse half-width and the cathode resistance. The rise time of the light
pulse was found to be independent of the resistor in the range shown.

For values of resistance above 500 ohms most of the capacitor
voltage is dropped across the cathode resistor, and the tube breaks
down in a glow discharge mode rather than in an arc discharge. This
produces light pulses which have small amplitudes and slow rise times.
The predominant range of light emission also changes from blue to red
which provides a quick way to detect whether the thyratron is operating
in the correct mode.

The tube current is, of course, limited by the cathode resistor
(Ohm's law). For values below about 50 ohms the current deviates
appreciably from the VBD/R, relationship, as shown in Fig. 8. This
deviation is caused by the plasma impedance of the conducting thyratron
and demonstrates that the plasma impedance is a few tens of ohms.

Grid 2, the shield grid, is connected directly to the cathode. Any
resistance in series with this grid produces jitter of the light pulse,
This was also found to be the case for the resistance in the control grid.
The grid biasing network, shown in Fig. 1, also caused the pulses to
jitter because of the resistance in series with the grid. By substituting
a variable voltage supply for the biasing network, the jitter was elimi-
nated, and no change in pulse shape was observed with resistors in
series with either grid.

When the control grid voltage is held constant, the waveform of the
light is determined by the plasma characteristics of the thyratron and by
the discharging circuit RC time constant. For a small resistor in the
cathode this time constant is determined by the capacitor and the plasma
impedance, which is essentially constant after breakdown. Figure 9
shows the different effects of 0.003- and 0. 1-uf capacitors on the light
pulse. For the larger capacitance the initial rise of the light, caused
by the ionization of the gas, is followed by a slower increase in ampli-
tude because of the longer discharge time. However, for the small
capacitor, the current decreases rapidly after the breakdown, producing
a light pulse with a small half-width (<160 nsec) and a rise time depend-
ent upon the ionization time of the tube (50 nsec).

If the capacitor is too small, breakdown does not occur; the tube
will conduct in the glow discharge mode mentioned earlier for the case
of a large cathode resistor. This sets the lower limit of the capacitor
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size. The 0. 003-uf capacitor is the smallest value found to operate
reliably in the circuit.

The capacitor, together with the internal impedance of the power
supply and the resistance, Rpg, in series with it, also determines the
range of pulse repetition frequencies. These parameters constitute
the charging time constant of the capacitor and fix the period between
pulses as given by Eq. (1). With the grid set at its maximum value be-
fore cutoff, the frequency range was found to extend from 8 Hz with
C = 1 uf and Rpg = 80 kilohms to 2200 Hz at C = 0. 001 uf and
Rps = 20 kilohms. Figure 10 shows the frequency range for the various
values of capacitance and Rpg. The operating frequency of the circuit
(Fig. 1) with Vg = -2.5v is 660 Hz.

SECTION NI
CIRCUIT DISADVANTAGES AND PULSED GRID OPERATION

Although the free-running relaxation oscillator is able to produce
bright light pulses with short rise times and narrow pulse widths,
there are a few disadvantages of the circuit which must be noted. The
pulse repetition frequency is controlled by the grid, but grid bias also
affects the rise time of the pulse. For a light pulse with a somewhat
optimum (50 nsec) rise time, the circuit must oscillate at the frequency
determined by the RC time constant of the capacitor charging circuit.
As was stated earlier, this time constant can be controlled by changing
either the capacitance or the power supply resistor, Rps: but not over
wide ranges without affecting the shape of the pulse.

To obtain a light pulse with the desired minimum rise time and
minimum half-width, it was found that a peak current well over the
maximum rating of the tube must be tolerated. This large current re-
duces the thyratron life to approximately 10 hr of operation. The heavy
ion bombardment of the cathode destroys the oxide coating causing the
firing voltage to become inconsistent and the pulse frequency to jitter.
Eventually the tube will cease operation.

To digress briefly, it is interesting to note a phenomenon indicating
eminent failure of the thyratron. The arc will become unstable and
jump from one position between the cathode and anode to another and
back again, with a period of about 2 sec. The pulse frequency and ampli-
tude change from maximum to minimum for each arc position with the
jump occurring at the minimum. However, even while this is occurring,
the thyratron light pulses continue to maintain their fast characteristics.
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The frequency or timing of the light pulses can be easily controlled
without changing the pulse shape by triggering the tube with a positive
pulse at the control grid. With the grid biased sufficiently negative to
keep the full power supply voltage below the anode firing potential, the
trigger pulse will bring the tube above its cutoff voltage and initiate
ionization. The repetition rate can then be controlled by simply chang-
ing the grid pulse frequency. The width of the light pulses can also be
increased by increasing the width of the applied pulse. When the tube is
brought into conduction, by this method, the control grid accelerates
electrons from the cathode, and the plasma arc is able to develop faster,
thereby decreasing the rise time of the light. Light rise times below
50 nsec have been obtained this way. This mode of operation also in-
creases the useful life of the tube. A thyratron which will not fire in the
free-running circuit continues to produce 50-nsec light pulses in the
pulsed circuit. The jitter associated with an overworked tube is also
greatly reduced for operation in the pulsed mode.

SECTION IV
THE LIGHT DETECTOR

A 931-A photomultiplier tube was biased as shown in Fig. 11 to
detect the light pulses. The resistor network fixes each dynode potential
more positive than the preceding one so that the electrons, emitted at
the cathode when a photon impinges upon it, are accelerated to the anode.
Current multiplication takes place since each electron that strikes a
dynode releases secondary electrons to be accelerated to the next stage.
The capacitors shunting the last four stages help to stabilize the bias
supply by limiting the amount of current surge from the supply caused
by a current pulse.

Although the PM tube was used as the detector for the light pulse
data, it was found that the output pulse width was increased by the anode
circuit response. For an anode load resistance of 200 ohms and an
assumed optimistic value of stray capacitance of 50 pf, the calculated
PM response is 10 nsec. Calculations from the data indicate that the
stray capacitance was an order of magnitude greater than assumed.
Further investigation is in order.

The effect of increasing R1 is to increase the response of the tube
by increasing the pulse decay time, but not the rise time. This is seen
by an evaluation of the equivalent circuit for the photomultiplier tube.
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The transfer impedance for this circuit is:

¥

"o

1
lpm C(- - -Rl—() (2)

For an impulse input, 156(t), the output voltage becomes

Vi, % expl-t/RC) (3)

provided that RC >> pulse width. Thus, the output voltage follows the
initial rise of the PM tube current but decays according to the RC time
constant of the load circuit.

SECTION V
INTENSITY OF THE LIGHT

Brightness, B, is defined as the amount of energy radiated
normally from a surface per unit area per unit solid angle per cm of
wavelength. The total power in watts, P, received from a light source
of Area, A1, and brightness, By, by a detector with surface, Ag, at a
distance, R, away is

Ay A2 4
P = f P()\)d)\ = fAl. F: Bo ()t) dA (4)

A ETN

where P()) is the power per unit wavelength interval. The term Ale2
is the solid angle subtended by the detector surface Ag at all points

on Aj provided R >> linear dimensions of A; or A3, The terms A1

and A9 define the spectral range of the radiated power.

The radiant sensitivity W(X} of a photomultiplier cathode is defined
as the number of photoemitted amperes per watt of radiation at wave-
length A received by the surface. The term W(X), as indicated, is a
function of the wavelength of light striking the cathode. For a PM tube
the anode current is therefore

Tm = G/ POWQ) dA (5)

where G is the amplification of the PM tube. If A] and A5 define the
range of the photocathode radiant sensitivity, then either A; or l’l,
A9 or A9 may limit the range of integration.
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Combining these equations yields

GA,A,

I R

pm [:Bo () W) dA (6)

This formula can be used to find the approximate brightness of a
light source if two rather crude assumptions are made about the source
and receiver. First, the radiant sensitivity W(X) at the photomultiplier
is assumed to be constant between 3000A and 6000A. This average
value <W(X)> is defined as

1 fAz'
Ay W
AX A, (A)da

Because of the symmetry of the S-4 response curve, <W(X)> is taken
to be 50 percent of W(A),54x. The 931-A PM tube has S-4 cathode
response with W(X)max = 0.03 amp/w and G = 800, 000 at 1000 v bias
(Ref. 4).

The second and poorest assumption is that the light emitted by the
thyratron has a constant spectral distribution, i. e., continuum radia-
tion. This is not the case since an electrical discharge in a low pres-
sure gas produces line spectra.

Using these assumptions and solving for the brightness in the last
equation yields

B. - IR ( w )
° - G<W>A, A, AN cm? « ster « cm (7

The brightness of the thyratron light source was measured by
placing plates with holes of radii 2 mm and 2.5 mm in front of the
thyratron and PM tubes which were separated by a distance of 48 cm.
The peak PM anode current of 1.5 ma was substituted into the equation
above to obtain a result of 380 w/cm?2/ster/cm of wavelength.

SECTION VI
SUMMARY AND CONCLUSIONS

The purpose of this project has been to develop a reliable light
source capable of producing detectable pulses with short rise times.
This source must be convenient to use in the field and on the bench for
measuring photodetector response.
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A 5696 thyratron tube operating in a relaxation oscillator circuit
was found to accomplish this purpose. Light pulses with peak bright-
ness of 380 w/cm2/ster/cm of wavelength and rise times less than
50 nsec were obtained. The relaxation oscillator circuit makes the
source simple to operate and compact either in the free-running or
pulsed modes.

The main inherent limitation of the circuit is the rather rapid
deterioration of the thoriated tungsten cathode caused by high current
pulses. Further work should be initially concentrated on determining
the relative merits of a directly heated pure tungsten cathode. Work
beyond this should deal with the spectral emission characteristics of
the thyratron. It is expected that some lines will exhibit more rapid
transient phenomena. Small high pressure arcs should also be investi-
gated since the continuum emission characteristics become more pro-
nounced. Because of limitations imposed by the anode circuit and/or
the oscilloscope, the actual light pulse width may be substantially less
than 50 nsec. However, the response achieved was adequate to satisfy
the requirements set out in the introduction, and further investigation
was not warranted.
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